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Nuclear magnetic resonance and relaxation in liquid Ga and GaSb
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Measurements of the Knight shift and nuclear-spin —lattice relaxation rate of 'Ga and '"Ga in liquid
Ga, and Ga, "Ga, ' 'Sb, and ' Sb in liquid GaSb are reported over temperatures ranging from the
supercooled regions up to 1250—1373 K. From the Knight shifts of ' 'Sb and ' 'Sb in GaSb, the
hyperfine structure anomaly of the Sb isotopes is measured. An attempt to relate the observed
quadrupolar relaxation rates to existing theories based on ionic diffusion models indicates that the latter
are not adequate to explain all aspects of the observations. In the case of liquid GaSb, the quadrupolar
coupling was found to be much stronger for Sb than for Ga. It is proposed that this is caused by an
effect of alloying on'the antishielding factors.

I. INTRODUCTION

The technique of pulsed nuclear magnetic reso-
nance is recognized as a useful tool for providing
information on the electronic structure of liquid
metals. Measurements of the Knight shift (K) and
the contribution of magnetic hyperfine interactions
to the nuclear-spin-lattice relaxation rate T& pro-
vide information about the static and dynamic mag-
netic fields experienced by a nucleus in a liquid
metal. In addition to the magnetic interaction, some
characteristics of the dynamic electric field gra-
dients in the liquid may also be obtained for nuclei
which possess electric quadrupole moments, since
the quadrupolar interaction may make an observable
contribution to spin-lattice relaxation.

In this work, experimental measurements of the
Knight shift and spin-lattice relaxation time are
reported for Ga and 'Ga in liquid Ga and for Ga,
'Ga, ' 'Sb, and ' Sb in liquid GaSb. A tempera-

ture range extending from the respective super-
cooled regions to 1250-1373 K is covered, and sev-
eral resonance frequencies are employed.

The main purpose of this work is to evaluate the
relative importance of the various mechanisms
which ean contribute to T, and K in these systems.
Since the temperature dependence is an important
parameter for determining the mechanism respon-
sible for the relaxation, we have covered a wide
temperature range. Also, we have placed heavy
emphasis on achieving high accuracy, as the quad-
rupolar contribution to relaxation often is much
smaller than the magnetic contribution in liquid
metals. The possibility of making measurements
of two isotopes is particularly important for spin-
lattice relaxation studies since this permits unam-
biguous separation of competing magnetic dipole
and electric quadrupole relaxation processes.

An important motivation of this work has been
the need for further study of the magnitude and
temperature dependence of the quadrupolar contri-
bution to the relaxation rate in liquid metals. The

source of this contribution has been attributed to
the diffusion of ions. Theoretical treatments
based on this interpretation have been given by
Sholl and others. ' We have found that this model
does not predict correctly the temperature depen-
dence of the quadrupolar rateover all temperatures.
A more recent approach by Warren' gives excel-
lent agreement with the magnitude of quadrupolar
relaxation near the melting point in liquid Ga, but
requires measurements of liquid-structure factors
over a wide temperature range before its predic-
tion for the temperature dependence can be tested.

In the intermetallie compound liquid GaSb, large
differences were found in the quadrupolar coupling
of the Ga and Sb ions. It is proposed that this is
due to an effect of alloying on the antishielding fac-
tors. The details of this argument are given in
Sec. IIIC.

II ~ EXPERIMENTAL DETAILS AND RESULTS

A. Apparatus, measurements, and samples

The spin-lattice relaxation times and Knight
shifts were measured using a pulsed spectrometer
similar to one described by Clark. Absorption
line shapes were obtained by sweeping the field
through resonance and recording the free-induction-
decay (FID) signal with a boxcar integrator. " Val-
ues of the Knight shift were obtained by comparing
the resonance frequency of the desired nucleus in
the sample and in an aqueous solution (reference
sample) with the frequency (pn) of the deuteron res-
onance (DzO doped with GdCl~) in the same magnetic
field. The frequency of the deuteron resonance was
measured with a Robinson-type oscillator. In the
case of Sb, the reference sample was dilute HSbF6
(we used the published values of psJpn as measured
by Warren and Clark). ' For Ga, the reference
sample was dilute GaC13. Our measurements of
po,/pz, are in complete agreement with those of
Valic. ' The accuracy of the shift measurements
was limited mainly by the error in setting the rela-
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tive phase between the NMH and rf oscillator refer-
ence signals to O'. The experimental errors in the
Knight shifts were +0.0005% in liquid-Ga metal and
+0.001% for ' ' Ga and ' " Sb in liquid GaSb.

Most spin-lattice relaxation times were measured
using a conventional 180'-90 pulse sequence. '
The conventional technique was not adequate, how-

ever, when an attempt was made to measure the
g& s of Ga and Sb in liquid GaSb. The reason
for this is that the Ga and ' 'Sb resonances in the
liquid state are separated by only about 9 G at 10
kG. When an attempt is made to measure the am-
plitude of the on-resonance FID of one of the nucle-
ar species, the off-resonance FID of the neighbor-
ing resonance interferes. Therefore, a new meth-
od was devised which resulted in almost total elim-
ination of the interference. This method is dis-
cussed in detail elsewhere. In all cases the re-
laxation proved to be exponential with a single decay
time Ty.

The accuracy of the T, measurements in liquid
GaSb was +3% at the lower temperatures and about
4-5% at the highest temperatures. The T, mea-
surements in liquid Ga were accurate to 1-2% at
the lower temperatures and about + 2% at the highest
temperatures.

The basic design of the furnace used for the high-
temperature NMR experiments is an adaptation of
a design by Warren and Clark ' that takes advantage
of the simpler configuration of the single coil
as opposed to cross coils and Pt-10-at. %-Bh
heaters for more reliable high-temperature opera-
tion. The accuracy of the temperature measure-
rnents was typically +0.02%. The stability ob-
tained at 1000 K is + 0. 5 K with the rf pulses oper-
ating. The furnace and probe are described in de-
tail elsewhere.

The GaSb samples used in these experiments
were prepared from a single crystal supplied by
Cominco American. ' It was crushed and sieved
to obtain particle sizes in the range 100-325 mesh.
The crushed GaSb was then mixed with an equal
amount by volume of quartz powder of comparable
particle dimensions to ensure that in the liquid
state the sample would approximate a dispersion of
particles small enough to permit nearly complete
penetration of the rf magnetic field.

The Ga metal was obtained in ingot form from
the Research Inorganic Chemical Co. The speci-
fied purity of the Ga was 99. 99%%d. Th epowdere d

samples were prepared by melting the metal in
mineral oil and stirring with a blender. The oil
was then cooled below the melting point of the par-
ticles and the particles were allowed to settle out
of the oil. These particles were then washed with
benzene and mixed with an equal amount of quartz
powder. The particle sizes were approximately
400 mesh.

B. Experimental results

Gallium

Our measurements may be compared with the
earlier measurements of Cornell, who measured
R'("'Ga) in liquid Ga in the temperature range 300—
740 K, the measurements of Valic, who measured
K(2'Ga) in liquid Ga in the temperature range 303-
331 K, the measurements of Suzuki and Uemura, '
who measured the temperature dependence of
K(' Ga) from 195 to 325 K, and the measurements
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p&G. 1. Experimental. Knight shifts K( ~Ga) and K( Ga)
for @Ga and Ga in liquid gallium as a function of tem-
perature. Representative errors are indicated by the
flags. Note the discontinuity in the vertical scale. The
solid line is given by the empirical relationships shown
on the figure.

Since there is a large static quadrupolar interac-
tion in solid Ga, our powdered samples did not show
any NMR signals in the solid phase. In the liquid,
however, rapid thermal motion averages the static
quadrupolar interaction to zero, yielding a strong
nuclear resonance signal for each isotope. Mea-
surements of the Ga and 7 Ga Knight shift in liquid
Ga were made from 300 to 1250 K at 18.75 MHz.
Also, measurements of the Ga Knight shift in
supercooled Ga were made from 230 to 300 K at
18.75 MHZ (the melting point of Ga is 303 K).
These data are shown in Fig. 1. The observed
values of K(' Ga) and K(2'Ga) decrease with increas-
ing temperature according to the empirical rela-
tionships:

T&300 K,

K(60 ~(Ga) = [(0.4528 +0.0005) —3.26 x 10 6(T- 300)

+ 8. 17x 10 (T- 300) ]%;

T(300 K (supercooled),

ff'( 0Ga) = [(0.4528 k 0.0002) —3.26 x 10 (T—300)

—l.25x10 T(T- 300)6]%.
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surements of T, of 7'Ga agree with those of the
above authors, but our observed values of T, of

Ga disagree. In both cases our observed T, of
Ga is larger than theirs. Finally, our results

may be compared to the recent measurements of
Cartledge et a3. over the range 300-500 K. Our
measured relaxation rates are slightly higher at
300 K but this difference increases with tempera-
ture and is outside the range of experimental error
at 500 K. A discussion of these discrepancies is
given in Sec. IIIB.

2. Gallium antimonide

FIG. 2. Experimental values of (T&T) for Ga and
7 Ga in liquid gallium as a function of temperature. Data
points within a given grouping were all taken at the tem-
perature indicated by the corresponding arrow. The
solid line represents our fit to the data.

of Hechtfisher et al. , who measured the tempera-
ture dependence of K(7'Ga) in a bulk sample between
285 and 327 K. Our data agree with those of Cor-
nell if a small uniform shift is applied. This dis-
agreement may be due to the use of a different ref-
erence from Cornell's (undescribed). On the other
hand, there is complete agreement with the mea-
surements of Valic. Our data also agree with those
of Suzuki and Uemura, and with Hechtfisher ef al. ,
within experimental error. However, all of the
above authors conclude that K(Ga) above 300 K
varies linearly with the temperature, whereas in
the wider temperature range that we have covered
it is also necessary to include a term quadratic in
the temperature.

Measurements of the ' Ga and 7'Ga nuclear re-
laxation rates in liquid Ga were made in the tem-
perature range 230-1250 K at 18.75 MHz. As in
the case of the Knight shifts, measurements below
the melting point (303 K) were possible owing to
supercooling. The data are plotted in the form
(T, T) vs T in Fig. 2. In addition to the measure-
ments at 18.75 MHz (circles on Fig. 2) T, mea-
surements at several representative temperatures
were also made at 10.37 MHz (triangles on Fig. 2)
and at 5. 15 MHz (squares in Fig. 2) to see if there
is any frequency dependence to T, . None was ob-
served. The "Ga and ~'Ga data exhibit a large de-
crease of (T,T) ' with increasing temperature in
the supercooled region (230-303 K), a moderate
decrease between the melting point and 500 K, and
a somewhat slower decrease at higher tempera-
tures. Our measurements may be compared with
those of Cornell, who measured T, of Ga and

Ga in liquid Ga over the more limited tempera-
ture range 275-475 K, and the measurements of
Hanabusa and Bloembergen, which extend from
room temperature to 523 K. Our observed mea-

Our Knight-shift data for liquid GaSb are shown
in Fig. 3 together with measurements of the reso-
nance shift in the solid just below the melting point.
Liquid measurements below the melting point were
possible owing to supercooling. An obvious feature
of these data is the appearance of a large positive
K for both the Ga and Sb nuclei accompanying the
transition from the semiconducting phase to the
metallic phase at the melting point. The Knight
shift changes abruptly at the transition temperature
with no evidence of an intermediate value of the
shift in partially melted samples. The measure-
ments show that the shifts for ' GaSb and GaSb
are equal and independent of temperature over the
whole range. They are given by

K(' GaSb) = K( 'GaSb) = (0.482 a 0.001)%.

In contrast to the GaSb and 'GaSb shifts, there is
a slight difference in magnitude of the Ga' 'Sb and
Ga' Sb shifts throughout the whole temperature
range. At the melting point the shifts for the Sb
isotopes are

K(Ga ' 'Sb) = (0.667 + 0.001)%,

K(Ga' Sb) = (0.669+0.001)%.

Although this difference is only on the order of the
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FIG. 3. Experimental Knight shifts K(69Gasb),
K( GaSb), K(Ga Sb), and K(Ga Sb) for 'Ga ~Ga,

Sb, and Sb in liquid gallium antimonide as a function
of temperature. Note the discontinuities in the vertical.
scale. The small shifts at 952 K were measured in soli. d

gallium antimonide.
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FIG. 4. Experimental values of (T&T) for Ga and
7 Ga in liquid gallium antimonide as a function of tem-
perature. Data points within a given grouping were all
taken at the temperature indicated by the corresponding
arrow. The solid lines are the empirical fits to the data.
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experimental error, the fact that it appears con-
sistently throughout the entire temperature range
leads us to believe that the difference is real. At
one temperature (1123 K) a very careful measure-
ment was made which showed the difference to be
about five times the experimental uncertainty. The
difference is almost certainly due to the hyperfine
anomaly of ' 'Sb and ' Sb. This point will be dis-
cussed later in Sec. IIIC. A second characteristic
of the data is the weak temperature dependence of
the Ga Sb and Ga Sb shifts. The shifts slowly
increase with temperature up to about 1160 K and
then become independent of temperature over the
rest of the range. The ' Ga, 'Ga, and Sb data
in Fig. 3 were obtained at an NMR frequency of
18.75 MHz, and the Sb data were obtained at
10.37 MHz.

The transition from a solid semiconductor to a
liquid metal is reflected in the observed values of
T, as well as K. For example, (T,),,' increases
by the factor 135 + S on going from the solid to the
liquid state. Similarly, (T,),9 increases by 47 + 3,
(T,),2, by 65 + 4, and finally (T,),z, by 48 a 3 through
the transition. The T& data for liquid ' ' 'GaSb are
plotted as (T, T) ' versus temperature in Fig. 4.
We note that (T,T) ' decreases very slowly for both
the Ga and Ga isotopes. The temperature de-
pendences are described by terms linear in the
temperature in the following empirical representa-
tions:

Most of our experimental results will be dis-
cussed in terms of established theoretical models.
Since these topics have been discussed at length
elsewhere, ' only a brief statement of the relevant
formulas will be given here.

1. Knight shift

There are three mechanisms which may make
important contributions to the Knight shift in our
experiments. The first (K,) is due to the contact
hyperfine interaction. It is given by

&, =s wy, n(~ u~(0) ~'),

where X, is the spin susceptibility per unit volume
for the s electrons, 0 is the atomic volume, and
(I u~(0) 1 ) is the average density at the nucleus of
s-like Fermi-surface electrons. In addition there
may be contributions from the orbital hyperfine
interaction (Ko) and core polarization (K„).

D
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temperature range at 10.37 MHz for 7'Ga. The
observed relaxation rates were found to be indepen-
dent of frequency over the entire temperature range
for Ga..

The T, data for liquid Ga' ' Sb are plotted as
(T,T) versus temperature in Fig. 5. In contrast
to the very slow variation of (T, T)s9 and (T& T)~&,
the 'Sb and 'Sb data exhibit a gradual decrease
of (T, T) ' with increasing temperature between the
supercooled region and 1100 K and a somewhat
slower decrease at higher temperatures. The mea-
surements of the Sb data were taken at an NMR
frequency of 18.75 MHz and the ' Sb data were
taken at 10.37 MHz. Also, at several points
throughout the temperature range, (T, T),gs was
measured at 5. 15 MHz; no frequency dependence
was found.

III. INTERPRETATION

A, Theory

(Tq T)69 ——(5.05 a 0. 10)[I—0.000 217 (T- 910)]
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The linear representations are valid with experi-
mental error from 910 K (supercooled liquid) to
1373 K. The data were taken at 18.75 MHz for

Ga»d 'Ga and at several points throughout the

FIG. 5. Experimental values of (T~T) for Sb and
23Sb in liquid gallium antimonide as a function of tem-

perature. Data points within a given grouping were all
taken at the temperature indicated by the corresponding
arrow, The solid lines are our fit to the data.



12 NUC LE AR MAGNE TIC RESONANCE AND RE LAXATION IN. . .

2. Spin-lattice relaxation

Spin-lattice relaxation can be caused by both
magnetic and quadrupolar interactions. In the work
reported here, measurements were made on two
isotopes, thereby permitting separation of the ob-
served rate into its magnetic and quadrupol3r
parts. ' For this purpose we have used Eq. (7)
and the symbols of Ref. 17. [Note that the third
line of Eq. (7) should read W~& = (W„—R~Ws)/
(1-R~/Ro) j

In our experiments the dominant magnetic re-
laxation rate is seen to be due to the contact hyper-
fine interaction. This relaxation rate is given by'~

1 g 4
(3)

The correction factor K(n) accounts for the effects
of electron correlation and exchange on the Knight
shift and relaxation rate. Other magnetic contribu-
tions are possible through orbital and dipolar inter-
actions, ' ' and by way of core polarization.

Now we consider the quadrupolar contributions
to the relaxation rate. The principal contribution
in liquid metals is the thermal modulation of the
charge distribution around a nucleus by diffusional
and vibrational motion. Several authors have cal-
culated the contribution to W@ from diffusion motion
in liquid metals. In the works of Borsa and Riga-
monti, ' Sholl, Rossini et al. , and Jolly and Tit-
man, the dominant part of the quadrupolar relaxa-
tion rate is given by

Wo o- p/D, (4)

where p is the density and D the diffusion coeffi-
cient. The importance of vibrational motions for
quadrupolar relaxation in liquid metals has been
shown by Warren and Wernick. '

Finally, we note that direct quadrupolar relaxa-
tion in metals by conduction electrons has been
proposed by Mitchell ' and discussed by others. '"'
In an earlier work' it was speculated that the dis-
agreements between experiments and predictions
of the diffusion model suggested that the direct re-
laxation process might be more important than
commonly thought. For example, Rossini and
Knight~ estimated this mechanism to be capable of
providing less than 1% of the observed Wo in Ga
and Sb.

It appears to us that there is essentially no pos-
sibility that the direct mechanism can compete with

W„= ~m'n''y', y'„&~ M, (0) ~'yr'(Z, ) u7,

where N(Ez) is the density of states at the Fermi
surface for s electrons, y, is the electronic gyro-
magnetic ratio, y„ is the nuclear gyromagnetic ratio
and k is Boltzmann's constant. It is related to K,
of Eq. (1) by the modified Korringa, relation'

The discussion of our results for Ga will be sepa-
rated into two parts: magnetic interactions and

quadrupolar interactions.

1. Magnetic interactions

The effects of fusion on K and T, in metallic Ga
can be considered because these quantities have
also been measured in the solid. Measurements
of the isotropic Knight shift by Valic' in solid Ga
from 4. 2 to 300 K give

K. ,( Ga)„„d= (0. 132 + 0.004)%

K,.„('Ga)„„d= (0. 142 +0.003)%

K„,( Ga,)„„d=(0. 155+0.004)%

(4. 2 K),

(77 K),

(300 K),

whereas in the liquid phase we observe

K„,( 'Ga)„., = (0.4528+0. 0005)% (303 K).

This large difference in K between the solid and

liquid states is not surprising in view of the fact

diffusion as a mechanism for quadrupolar relaxa-
tion in liquid metals. This can be seen from the
following rough estimate. In the case of diffusion,
relaxation is caused via the diffusion of ion cores
in a sea of electrons. The magnitude of the fluctu-
ating electric field gradient will be about that of
one screened electronic charge at the distance of
the interatomic separation. The time scale for
fluctuations is the diffusion jump time &D. In the
case of direct relaxation, the fluctuations come
from the decay of an electronic wave packet lo-
cated about an interatomic separation from the
nucleus. If we neglect degeneracy effects, the
magnitude of the fluctuating field gradient will be
on the order of that from one screened charge
separated by the interatomic spacing. But it is
easily shown that the appropriate correlation time
(q.z) is the time it takes for an electron moving with
the Fermi velocity to travel the interatomic spac-
ing. In the short-correlation-time limit appro-
priate for liquid metals, the relaxation rate is pro-
portional to the square of the interaction strength
multiplied by the correlation time. From the
above estimates it is seen that the two processes
will have comparable interaction strengths. On the
other hand, for liquid metals, zD-10 ' sec and
y~-10 " sec. Hence, the rough expectation is that
the direct process has a rate on the order of 10 '
that of the diffusion process because its correla-
tion time is so much shorter. The inclusion of
electron degeneracy would be expected to make the
difference in rates even larger. It therefore Bp-
pears unlikely that the Mitchell mechanism has any
chance of competing with diffusion as an important
mechanism for quadrupolar relaxation in liquid
metals.

B. Gallium
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that the magnetic spin-1attice relaxation rates in
the solid as measured by Hammond, Wikner, and
Kelly are also much smaller than what would be
expected on the basis of extrapolating the magnetic
relaxation rates in the liquid to lower temperatures.
These differences between the solid and the liquid
undoubtedly reflect a, significantly larger N (Ez)
in the liquid than in the solid.

In spite of the large change in K,.„at the melting
point, from the standpoint of magnetic resonance
the magnetic iriteractions are rather close to the
behavior of free electrons interacting with the nu-
clei via the contact hyperfine interaction. For the
case of the solid, Valic' has made the appropriate
analysis of experimental results and finds that the
data over the entire temperature range can be fit
b the enhancement factor K(o. ) = 0. 80 + 0.04. (The
error is our assignment; it is based on the stated
errors in T, and K,.„.)

Next we consider the case of the liquid state.
Since relaxation measurements have also been ma ed
for both isotopes in this case, we can decompose
the observed rates into magnetic and quadrupolar

herates using the known nuclear properties. T e
results of this decomposition for our results are
shown in Fig. 6. There it is seen that the magnetic
interactions are considerably larger than the quad-
rupolar interactions except in the supercooled state
for "Ga, where the relaxation rates become com-
parable. A similar decomposition has been done
in the temperature ranges 300—525 and 275-475 K
b Hanabusa and Bloembergen and by Come 1,

6
1

respectively. In comparison, our accuracy is con-
siderably higher than that of these authors and we
have covered a much larger temperature range.
Also, there appears to be a systematic difference

between our data and theirs (which will be discussed
in Sec. IIB2). There is adiscrepancy between our
results and those of Cartledge et al. ,

' who have
resolved their relaxation rates into magnetic and
quadrupolar parts over the temperature range 300
~ T» 500 K. Some discussion of this difference is
given later in this paper, For the time being we
shall proceed on the basis of our data.

Now we consider the changes which occur at the
melting point. By using the observed values of
K and W~ (total magnetic relaxation rate), we ob-
tain a value of the correction factor in the liquid
at the melting point:

K(a) =0. 80+0.02 (303 K).

It is seen that within experimental error the ob-
served value of K(o) is the same in the solid and
liquid phases. We will now discuss the significance
of this equality. Recalling that there are several
contributions to the Knight shift, we can write

K,„,=K, +K, +Ko.

In the absence of a calculation for K„and with no
experimental method of separating the three con-
tributions, this expression can be condensed to
K = K + K . It is important to note the differ-expt s + other'
ence between the true K(n)„„„which accounts for
electron correlation and exchange and is given by
the Korringa relation for s electrons, and the ob-
served K(o.),~ obtained from the Korringa relation
using experimental data. The Korringa relation
for s electrons can be written as

T, TK,'= S/K(o), „„,.
The observed K(o. ) is given by

Z; T(K, + K.,„,„)'= S/K(~).„.
Solving these equations for K(o.)„„,gives

K(~),„„.= K(~).„(1+K.,„„/K,)' .
Above, it was shown that K(o),~ is the same in

the solid and liquid phases. This implies that
K /K is the same in the solid and liquid statesother s
This is an unexpected result in view of the conclu-
sion of vatic ~thatMhe p character of the conduction
electrons (which is responsible for K„„„)decreases
by a factor of -0.7 upon melting. Valic's conclu-
sion is reasonable because the complicated band
structure disappears upon meltingand so the p
character in the wave function is considerably re-
duced. Our conclusion that K„„„/K,remains con-
stant through melting assumes that there is no sub-
stantial change in K(a)t,„,upon melting. But there
is no evidence that K(o)„„,undergoes large changes
through melting in liquid metals. It seems unlikely
that a change in K(o.) „„,would exactly cancel out a
change in K„„„/K,.

Under the assumption that K(o.)„„,does not
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change through melting and the evidence that the p
character of the conduction electrons decreases by
a factor of -0.7 through melting without changing

Kpthep lt is reas onabl e to conclude that Kpthep 0 in
the solid and liquid phases of Ga, and that the true
K(o) equals the observed K(o, ) =0.80. We there-
fore conclude that the dominant contribution (if not
total) to K in liquid Ga, is provided by the direct
contact hyperfine interaction.

The reduction of X, and (l uz(0) ~ ) responsible for
the observed decrease of the Knight shift at higher
temperatures should have a corresponding effect
on the contribution of the magnetic contact interac-
tion to the spin-lattice relaxation rate. From the
Korringa. relation [Eq. (3)] we find that T, TK is
constant over the temperature range 300-1250 K,
and is equal to

T, TK'= 3.53 ~0.07.
This gives a correction factor A(a) =0.80+0.02,

which is further evidence that the contributions to
K and T, (magnetic part) in liquid Ga over the whole
temperature range are purely the contact hyperfine
interaction.

Now we turn to a discussion of the supercooled
state of liquid Ga. Our measurements of K in the
supercooled state agree with the findings of Suzuki
and Uemura, in which the negative temperature
coefficient (BK/BT)~ decreases below the melting
point in the supercooled state. Suzuki and Uemura
suggest the possibility that this is due to a phase
change in liquid Ga just below the melting point.
They have also found that the magnetic susceptibil-
ity indicates a small diamagnetism which increases
slightly with decreasing temperature. The bulk
susceptibility of solid Ga has been measured and
found to be —0.257X10 cgs mass units for poly-
crystalline spheres at 25 'C and+0. 003&&10

30 'C. Therefore, solid Ga is highly diamagnetic
and the liquid weakly paramagnetic.

From Fig. 6 we see that the temperature depen-
dence of (T, T) ' (magnetic part) in the supercooled
state also decreases in slope and actually is tem-
perature independent within experimental error.
The enhancement factor K(o.) is found to be constant
between 230 and 300 K within experimental error
and equals 0.80+0.02, which is the same result
found in the liquid above the melting point and in
the solid. From the available information there
is little to show that there is a phase change in the
supercooled state. Suzuki and Uemura found no
discontinuities in measurements of electrical re-
sistivity and density in going from the normal state
to the supercooled state. In fact, their Figs. 11
and 12 show data which appear to fit a smooth
curve about as well as two straight lines with dif-
fering slopes. Since K and the spin-lattice relaxa-
tion rate in the supercooled state are smaller than

the extrapolated values above the melting point,
and since the magnetic susceptibility indicates a
small diamagnetism which increases slightly with
a decrease of temperature, it appears that the
supercooled state tends to change its structure to
more closely resemble the solid state. It is doubt-
ful, however, that this reflects a phase change
since changes of K and (T, T) ' with decreasing tem-
perature are gradual and quite small. Also, x-ray-
diffraction measurements between 273 and 323 K
by Hodriquez and Pings' show that the structure of
liquid Ga in the supercooled state does not differ
significantly from that in the normal-liquid state.
In addition, careful measurements of the liquid
static structure factor by Chen' above and below
the melting point show no evidence of a phase
change. A similar phenomenon occurs in the case
of In' " Sb, where it is found that the magnetic
relaxation rates decrease as the temperature is
lowered into the supercooled state. Warren and
Clark' attribute this to an increase of local order
as the temperature is lowered below the melting
point.

This section will be concluded with a discussion
of the differences between our W„measurements
and those of other workers. In the case of Cor-
nell, and of Hanabusa and Bloembergen, 6 there is
agreement within the experimental errors. The
situation is different with Cartledge et al. Over
the common range 300 ~ 7.

' ~ 500 K, their measured
rates are somewhat lower than ours. Upon resolu-
tion into magnetic and quadrupolar parts for Ga
there is essential agreement for W&, but our rates
for Wz are somewhat larger than theirs, and more
so at the high-temperature end of the range. Most
such discrepancies in relaxation rates for liquid
metals have been resolved by acceptance of the low-
er rate as more nearly correct and blaming the
difference on impurities in the sample or some
other sample-dependent effect. In this case, the
correct interpretation is not so clear. If the mea-
surements of Cartledge et al. are accepted, their
values for W„[= (l. 52T + 523) sec '] with our values
of K imply that K(o. ) drops from 0, V2 at 300 K to
0. 59 at 500 K, as opposed to our temperature-in-
dependent value 0.80+ 0.02. Such a large drop in
the liquid state is rather unusual in a trivalent
metal. For example, in liquid In, ' ~ and Al, it
is observed that K(o, ) changes by a much smaller
percentage over a wide temperature range in the
liquid. As a result of these considerations we be-
lieve that the discrepancy in the values for W„ is
unre solved,

Z ()uadrupolar interactions

From the decomposition of the observed relaxa-
tion rates for Ga and 'Ga in. t.iquid Ga, shown in
Fig. 6, we see the temperature dependence of the
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FIG. 7. Experimental quadrupolar relaxation rate as
a function. of temperature of" Ga in liquid Ga. The pre-
dicted contributions to the quadrupolar relaxation rate
of the diffusion model and molecular-reorientation model
renormalized at the melting point are also shown.

Iluadrupolar relaxation rates plotted as (T,T) '

versus temperature. A plot of the quadrupolar re-
laxation rate W+ versus temperature is shown in
Fig. 7 for the case of Ga and reveals more clear-
ly the surprising details of the temperature depen-
dence. With an increase of temperature a very
rapid decrease of W in the supercooled state oc-
curs which tends to level off at about 150 K above
the melting point (450 K). Above this temperature
W@ begins to increase and maximizes around 730 K.
At higher temperatures Wz decreases again to a
temperature-independent value which is approxi-
mately the same value of W@ at 450 K. The mild
peak in the resolution at 750 K is smaller than the
indicated errors and probably should not be taken
seriously.

Our results for W@ in liquid Ga can be compared
to the earlier results of Cornell (275-475 K),
Hanabusa and Bloembergen (300-525 K), Cart-
ledge et al. (300-500 K), and Riegel et al. (313-
1323 K). Cornell's decomposition was not done in
the most general way and has been recalculated by
Rossini and Knight. ' Their result, s show a slight
increase of Wbetween 300 and 475 K, whereas
our results show a definite decrease in this range.
Also, Cornell's values for W are approximately
a factor of 2 larger than our values. There are
several possible reasons for this discrepancy.
First of all, our error bars are almost an order
of magnitude smaller than those of Cornell's.
Second, we found that W@ below 600 K was very
sensitive to sample history, Our preliminary
measurements of W near the melting point were
approximately the same as Cornell's. However,
after repeated cycling of the temperature up to
1250 K and back down, we found W@ in the range
300-600 K to continually decrease. Above 600 K,
no effects of sample history were measurable.
After annealing the sample at -1000 K for several

days, we found that W@ reached a minimum and
thereafter was independent of temperature cycling.
This extra contribution to the quadrupolar relaxa-
tion was probably due to diffusing impurities which
tend to anneal out. A similar situation occurred
in the case of solid Cu. Warren and Clark" found
that (T,) ' in solid Cu at 1000 K decreased when
the sample temperature was maintained above
1000 K for periods of the order of 24-48 h. The
results of Hanabusa and Bloembergen also show
W@ near the melting point to be roughly a factor
of 2 larger than our data. They find that W de-
creases between 300-525 K, in agreement with
our data, but their measured temperature depen-
dence is larger than ours by about a factor of 2.
The discrepancies are probably due to the existence
of impurities left by insufficient sample annealing.
As mentioned previously, our measurements of
W@ are in agreement with those of Cartledge et al.
Finally we note the related work of Riegel et al. ,
who used perturbed angular correlations to mea-
sure the relaxation rate of excited 'Ge in liquid
Ga. They also separate the total rate into mag-
netic and quadrupolar parts. Since, however,
only one isotope is observed, they are forced to
use a theoretical approach to separate the mag-
netic and quadrupolar rates. Their use of a sim-
ple diffusion model and an assumed temperature
independence for K(n) leads to a temperature de-
pendence of W@ which is significantly different
from our result. We believe that our results pre-
sent the correct picture and that theirs suffer from
having to work with only one isotope and make a
separation based on a theoretical model. Their
method does, however, appear to have one impor-
tant advantage over conventional NMR methods.
It can be employed over a much wider range of ex-
ternal magnetic fields and, hence, probe a much
wider range of correlation times in the interac-
tions responsible for nuclear relaxation.

It has already been proposed that the quadrupolar
relaxation in Ga is due to diffusional motion of the
ions in the liquid. The value of W@ near the melt-
ing point was calculated to be 840 sec '

by Borsa
and Rigamonti" and 500 sec by Sholl. " These do
not compare well with our value of 354 sec ' at the
melting point. Recently Warren" has calculated
this rate using a new theory which incorporates
measurements of the liquid structure factor. His
result is 330 sec ', which agrees very well with
our observed value.

Since many workers have proposed that quadru-
polar relaxation in liquid metals is due to simple
diffusion jumps, we now indicate the relationship
of our results to such theories. Those of Borsa
and Rigamonti and Sholl predict a temperature de-
pendence W@ o: p/LI. A plot of Wo o: p/D normal-
ized to the measured value of W@ at the melting
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point is shown in Fig. 7. Values for D are from
the work of Broome and Walls. The very small
change in p has been neglected. The agreement
with experiment is quite good in the supercooled
region but becomes increasingly poor at higher
temperatures. For the case of liquid In, Rossini
et al. ' have calculated separately the contributions
to Wo from diffusing ionic charges (neglecting con-
duction-electron effects) and from modulation of
the P-conduction-electron charge distribution
(treated as covalent bonds) by thermal motion.
They conclude that the latter effect w3s definitely
the most important. It is known from x-ray stud-
ies that the crystal structure of solid Ga con-
sists of pairs of ions in the lattice, in which a sin-
gle nearest neighbor is found significantly closer
than the three neighboring pairs. X-ray studies
in liquid Ga from 0 to 50 'C also suggest that there

O

is a nearest neighbor at about 2. 5 A, which indi-
cates a Ga-Ga complex in the liquid as in the crys-
tal. Positron-annihilation experiments ' in liq-
uid Ga have shown anomalous behavior which also
indicates the possibility of Ga pairs, but so far
there is no definite proof. Finally, from neutron-
diffraction studies Asc3relli" suggests that the
structure of liquid Ga, Bt least at temperatures not
far from the melting point and on a short-range
order scale, displays the main features of the struc-
ture of the metastable solid, P phase" (which melts
at —16.3 C). This phase exhibits a considerable
degree of anisotropy.

The evidence of some form of Ga-Ga association
would imply some form of p-type covalent bonding
between ions. The contribution to W@ from modu-
lation of the p-conduction-electron distribution by
ionic motion which Rossini et al. found so impor-
tant for liquid In would therefore be very impor-
tant in this case also. This may explain the good
agreement of the temperature dependence of the
experimental lV@ with the diffusion-theory predic-
tion of Wo o: q/D in the region near the melting
point.

Alternatively, Faber ~ discussed a molecular-
rotation model in which there are Ga, "molecules"
in the liquid state and suggested that W could be
due to these Ga~ molecules in a state of free rota-
tion. This would lead to a temperature depen-
dence '

(5)

where g is the viscosity, V is a representative
volume of the molecule, Bnd T is the temperature.
Using the values of g from Spells, ' a calculated
plot of N/z normalized at the melting point is shown
in Fig„7 assuming no dissociation. It is seen that
the temperature dependence is that of the diffusion
model. Also, one would expect molecular dissoci-
ation with higher temperatures and this would lead

to even greater disagreement with the experimental
results.

The contributions from vibrational motion, as
pointed out by Warren and Wernick, '7 which tend
to increase the value of 8'@ at higher temperatures,
may bring the theory more in line with the experi-
mental results. However, a quantitative discussion
of the data is very difficult at this time because in
a liquid metal one has the following three process-
es occurring simultaneously: (i) The liquid ex-
pands with Z' and hence the interaction of the ions
decreases. (ii) The vibrational amplitudes in-
crease with Z', creating larger electric field gra-
dients. (iii) Diffusion of ions causes tempera-
ture-dependent quadrupolar relaxation. Warren
and Wernick have pointed out that for a proper
analysis of 8'@ for liquid metals one must consider
the data from inelastic neutron scattering experi-
ments in order to derive dynamical information,
i.e. , information on high-frequency collective
oscillations. Elastic scattering experiments give
information on average atomic positions, which
are useful for diffusional relaxation calculations,
but the contribution from vibrational modes can-
not be seen in this way. Warren" has recently
produced a new theoretical analysis of this prob-
lem which is applicable to liquid GB,, and which has
prom&se as a satisfactory explanation for lV@.

C. Gallium antimonide

Since the direct contact contribution to K de-
pends on the electronic susceptibility and the densi-
ty of s-like conduction electrons at the nucleus,
it is of interest to compare the shifts observed in
liquid gallium antimonide with the values obtained
in the pure liquid metals gallium and antimony.
The Knight shift of Ga in GaSb [K("GaSb)] is 7%%

larger than K( Ga) in liquid Ga, whereas the shift
K(Ga ' 'Sb) in liquid GaSb is 6% smaller than K('a'Sb)
in liquid Sb, "at the respective melting points.
These qualitative features are reasonable since
the average number of electrons per atom in GBSb
is intermediate between the valence of gallium
(Z=3) and that of antimony (Z=5). However, quan-
titative differences are difficult to explain because
one has to take into consideration changes in the
electronic s and p character of the wave functions
Bt the Fermi surface.

Although the measured Knight shifts of Ga and
'Ga in GaSb are equal within experimental error

over the whole temperature range, there is a small
but consistent difference in K for ' 'Sb and ' 'Sb
in liquid GaSb. We believe that this difference is
due to the hyperfine anomaly of ' 'Sb and ' 'Sb. The
Knight shift may be written as"

K=a(s)y~)M/2gz q,z,
where a(s) is the hyperfine interaction between the
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nucleus and the conduction electrons, y~M is the
average electronic susceptibility per atom, $ is
the ratio of the probability densities in the metal
and the free atom, and gz ——pl/I. It is generally
assumed that a(s) arises from s electrons since
the contact interaction for these will be particu-
larly large.

The hyperfine interaction constant a is a measure
of the strength of the interaction between the nu-
clear dipole moment IJ, , and the moment due to the
orbital electron. For two isotopes (subscripts 1
and 2) of the same element in the same electronic
state, one expects a,/a2=g, /g2 if there is no spatial
extent to the nuclei. However, when the size and

shape of the isotopes are taken into account, there
can be a hyperfine anomaly 7 4, where

a, g, (1+4)
Qp gg

The most important contribution to ~ is the differ-
ence in the spatial distribution of magnetic moment
within the isotopes.

It ca.n readily be seen from Eqs. (6) and (7) that
if the hyperfine interaction arises from s electrons
only, 4 =K,/Kz —1. From a very careful measure-
ment at 1123 K we find &,~, = (-0.36+0.OV)%. This
result may be compared to the earlier measurement
of the hyperfine anomaly of Sb and ~ Sb in anti-
mony-doped silicon by Eisinger and Feher, ~~ who

used the more accurate technique of electron-nu-
clear double resonance (ENDOR). They found that
4 = (- 0. 352+ 0.005)%. The agreement between our
results and those of Eisinger and Feher shows that
the electrons responsible for the Sb Knight shift and
the hyperfine interaction in antimony-doped silicon
have the same fractional s character. This is so
because s electrons are the only ones which could
contribute significantly to the hyperfine structure
anomaly h. The wave function of the donor elec-
tron in silicon has been calculated by Kohn and
Luttinger' and is found to resemble a hydrogenic
s state. Hence, we may conclude that the Knight
shift of Sb in liquid GaSb is caused mainly by s
electrons, i. e. , at least 60% with the experimental
accuracy here. This is so because an appreciable
contribution to E in liquid Ga yai~tasSb from non-s
electrons would make A~~~ smaller than the 4
measured in antimony-doped silicon, where the
electron wave function is a hydrogenic s state.

We now turn to the additional information avail-
able from the T~ data. First we consider the case
of ' 'Ga in liquid GaSb. In the usual way'7 the ob-
served rates are decomposed into magnetic and
quadrupolar parts, as shown in Fig. 8. We see
that almost all of the relaxation is of magnetic
origin. Both of the contributions show a slow de-
crease with increasing temperature. Because the
magnitude of S'@ is of the same order of the error,
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FIG. 8. Experimental (relaxation rate)/temperature
as a function of temperature for magnetic and quadrupo-
lar relaxation of @Ga and 7~Ga in liquid gallium antimo-
nide. The rates were calculated from Ref. 17 using ex-
perimental T& values represented by the best-fit solid
lines in Fig. 4.

it is not possible to make definite determinations
of the true temperature dependence. We can com-
pare these results to the case of pure Ga (Fig. 6).
We see that for ' GaSb, 8'„ is larger than 5'„ for
pure Ga, which is consistent with the fact that the
Knight shift of '~'GaSb is also larger. In con-
trast, we find that W of '7'GaSb is the same with-
in experimental error as for pure ' 'Ga over the
same temperature range. The values of (T,T) ' and
K(69'~'GaSb) decrease slowly with increasing tem-
perature in such a way that the product T,TK is
constant from the supercooled state to 1373 K. In
this temperature range the correction factor K(n)
= 0. 92 + 0.04. We note that K(o.') for Ga in liquid
GaSb is larger than K(o') of pure liquid Ga. How-
ever, some decrease of K(o, ) might be expected to
occur as the electron density increa, ses with in-
creasing Sb content. This may be an indication
that an appreciable negative core-polarization con-
tribution to the Knight shift of Ga in liquid GaSb is
present.

Now let us consider the data for the Sb isotopes.
Again, using the decomposition procedure we find
the magnetic and quadrupolar contributions as a
function of temperature as shown in Fig. 9. In con-
trast to the '~'Ga results, we see a large quadru-
polar contribution for ' 'Sb and ' Sb which de-
creases with increasing temperature. The ob-
served values of W~ and K(Ga'2' 2~Sb) increase
slowly with temperature from the supercooled re-
gion to 1373 K. The corresponding correction
factor K(&) is found to increase from 0. 79+ 0. 04 to
0. 84+ 0. 10. It is not easy to give a unique inter-
pretation to these experimental results.

It should be noted that NMR experiments'~ in liq-
uid InSb show evidence of a large change of struc-



12 NUC LE AR MAGNE TIC RESONANCE AND RE LAXAT ION IN. . .

12-

I
8-

tD

O
4

C
O
+
U
7Co
Ol

0
900

Wa /T

l2I

~ WM/T

123
Wa /T

melting point

1000

I I I

Liquid Ga ' Sb—magnetic coupling

--- quadrupolar coupling

I I I

1100 1300
T(K)

1400

FIG. 9. Experimental (relaxation rate)/temperature
as a function of temperature for magnetic and quadrupo-
lar relaxation of Sb and 3Sb in liquid gallium antimo-
nide. The rates were calculated from Ref. 17 using ex-
perimental T& values represented by best-fit solid lines
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ture between -760 and 1000 K, and above this range
the changes in electronic structure appear to be
complete. On the other hand, liquid GaSb does not
show evidence of any change of this magnitude.
However, because of the higher melting point of
GaSb, our data extend down to only 940 K. Above
this temperature 5' and W„ for Sb in InSb and GaSb
are quite similar in temperature dependence and
magnitude. Hence it appears that the degree of
local order and the electronic structure of a liq-
uid III-V compound may not depend on its melting
point, but more so on the absolute temperature.

In order to identify the coupling mechanism re-
sponsible for the observed quadrupolar relaxation,
it is important to compare the observed tempera-
ture dependence of 5' with the predicted tempera-
ture dependence of the various thoeries. The ionic
diffusion models of Borsa and Rigamonti and of
Sholl both predict Wz~ p/D. The comparison of the
observed temperature dependence with the predic-
tions of these models could be accomplished easily
if the self-diffusion coefficient were known at vari-
ous temperatures since, in that case, one could
calculate the expected temperature dependence and
compare it directly with experiment. Unfortunate-

ly, self -diffusion measurements have not yet been
reported for liquid GaSb. However, we shall esti-
mate the temperature dependence of D from the
available viscosity (ri) dataM using the methods of
Saxton and Sherby. By assuming an Arrhenius
form D=Doe-o~"r and the relationship rl/T ~D-'
we find Q/RT„=3. 0+0. 3, where T„ is the melting
point. This agrees well with the empirical rela-
tion Q- 3RT„of Saxton and Sherby, ' which pro-
vides an adequate description of the experimental
results for most liquid metals. On the other hand,
if it is assumed that the experimental values of W
obey the temperature dependence Wz~p/D, it is
found that Q/RT„, =- 1.6 + 0. 3, suggesting a weaker
temperature depend" nce than predicted by Wzcc p/D.

A similar difference occurs in the case of liquid
antimony, ~ for which K does not decrease as
rapidly with increasing temperature as implied by
the calculated value of the activation energy Q.
Hence, we conclude that besides a diffusion contri-
bution to 8' there is a definite indication that addi-
tional relaxation processes enter. We have pre-
sented arguments for the existence of a vibrational-
motion contribution ~ to W for the case of liquid
Ga, It is reasonable that these collective oscilla-
tions also exist in liquid GaSb. At the present time,
it is not clear how one can unravel the various con-
tributions to the temperature dependence of 5'
without reliable theoretical calculations based on
inelastic neutron scattering data. Similarly, it is
difficult to make estimates of the magnitude of the
various contributions. Considering for the moment
the diffusion theories, besides the lack of direct
measurements on the magnitude of the diffusion
constant, the antishielding factor y„ for Sb in liquid
GaSb is unknown. Sholl was able to make esti-
mates of y„ from the measured quadrupole coupling
in the solid determined by nuclear quadrupolar
resonance for the cases of Ga and In. However,
in the solid state GaSb is a semiconductor and hence
is quite a different substance in the liquid and solid.
It is therefore difficult to infer the liquid properties
from the solid. Sholl has pointed out that the un-
certainty in y„ is often the limiting factor in inter-
preting the experimental results. Finally, the dif-
fusion models assume a pure metal, the fact that
GaSb is a liquid compound with different valences
causes additional uncertainty in the analysis.

Now we compare the magnitudes of 8'& for Ga
and Sb in liquid GaSb, and draw some conclusions
regarding their antishielding factors. At the melt-
ing point, we find

Wo( Ga)/Wo( Sb) =0.04+0. 03

On the other hand, if equal antishielding factors and
identical environments are assumed,

Wo( Ga)/Wo( Sb) = 1.79

This suggests strongly that the efg (electric field
gradient) at the ~2'Sb nucleus is approximately 7
times as large as the efg at the Ga nucleus. Since
the environment that each nucleus sees is approxi-
mately the same, this difference in efg may be due
to large differences in the antishielding factors.
This same phenomenon occurs in the case of liquid
InSb, '7 where the Sb nuclei exhibit a much larger
W than In, although in the solid the y„are esti-
mated to be almost equal. ~~ For the case of pure-
Ga and pure-Sb metals, Rossini and Knight' have
estimated that 1-r„ for "Ga and "'Sb are very
nearly the same. This leads us to believe that al-
loying may enhance y„of the Sb ions over y„of the
Ga ions in the liquid compound.
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A plausible explanation of this is as follows. In
a theoretical consideration of disordered alloys in
the tight-binding approximation, Stern ~ has shown
that in contrast to pure metals, the electron states
in alloys exhibit a charging effect, i. e. , a different
electronic charge is deposited on each constitutent
in the alloy for a given state. The amount of charg-
ing can depend on valence difference, concentra-
tion, and the parameter 50, which is the ratio be-
tween the difference of the atomic energies of the
atoms in the alloy and the width of the alloy band.
Stern has shown that in certain limits practically
all of the charge can concentrate on one type of
atom or the other. An ion core in a pure metal is
strongly screened by the conduction electrons, and
so the charge distribution about it will be almost
neutral. Charging is zero in pure metals because
all of the atoms are the same.

If we now form an alloy, and assume the phenom-
enon of charging, the almost neutral or slightly
positive charge distribution present in the pure
metals can now pa, ss to the case where the Qa
charge configuration becomes more positive and the
Sb charge configuration changes to a negative state.
There is some evidence from other studies that
this behavior is to be expected. Recently Bucher
and Maita6~ reported an experimental study of elec-
tronegativity and crystal fields in intermetallic
compounds. Their findings indicate that ligands
with low electronegativities generally exhibit posi-
tive ligand charges, whereas ligands with high
electronegativities have negative ones. By using
the electronegativity values of Qordy and Thomas
for Ga (1.5) and Sb (1.8), the charging proposed
above appears plausible. We must now consider
what effect this has on the antishielding factors.
From theoretical calculations of antishielding fac-
tors for a number of ions, Wikner and Das have
pointed out several important tendencies. They
note a very sharp change in y„ in passing from a
singly positive charged ion to a singly negative
charged ion. On the other hand, the change in y„
in passing from a singly positive charged ion to a
triply positive charged ion is relatively small.
These results are understandable because a nega-
tive ion binds its outer electrons loosely and there
is a grea, t increase in deformability in passing from
the positive to the singly charged negative ions.
The positive singly charged ions, on the other hand,
strongly bind their outer electrons, so large
changes in deformability with the addition of more
positive charges would not be expected.

The above points indicate that y„of the Ga ions
would change little upon alloying a,nd y„of the Sb
ions would increase greatly, This would explain
the large difference in electric field gradients seen
by the 'Qa and ' 'Sb nuclei. Also, for a, given tem-
perature, our data show that 5'@ for 69Ga is the

same in the pure metal and in GaSb within experi-
mental error. Finally, W of Sb is approximate-
ly a fa,ctor of 3 larger in Ga, Sb than 5' in pure
Sb. These results are also consistent with our
model. It must be noted that the viscosity s of liq-
uid GaSb at the 50-50 composition shows a marked
increase over the values of pure Ga and pure Sb.
Since the viscosity is closely connected to the dif-
fusion coefficient, ~9 this increase could also ex-
plain the larger value of 5' in liquid GaSb. How-
ever, this should have the same effect on S' of the
Ga nuclei, in contradiction to what is observed.
Also, the composition dependence of the viscosity
does not explain the large difference in electric
field gradients seen by the Ga and Sb nuclei. Re-
cently, from work on several liquid-alloy systems
conta, ining nuclei with substantial quadrupole mo-
ments, it has been suggested ' ' that it is normal
behavior for Wo to peak near the (50-50)% compo-
sition. Heighway and Seymour ' concluded that this
behavior is due to a dependence of the electric
field gradients on concentration and they presented
a simple random substitutional model which gave
roughly the correct concentration dependence of
UV. As we have mentioned, charging is also con-
centration dependent and hence might also explain
this concentration dependence of 8'+. Extensive
theoretical calculations on the concentration de-
pendence of charging in liquid alloys are necessary
before the importance of this mechanism is known.
It is, of course, possible that both mechanisms
operate simultaneously.

IV. SUMMARY AND CONCLUSIONS

Measurements of the Knight shift and nuclear
spin-lattice relaxation rate of Ga and Qa in liq-
uid Ga., a,nd Ga, 'Ga, ' 'Sb, a,nd ' 'Sb in liquid
GaSb are reported over temperatures ranging from
the supercooled regions up to 1250-1373 K.

In liquid Ga, the observed relaxation rate is sepa-
rated into its magnetic and quadrupolar components.
The quantity TjTK is found to be constant over the
whole temperature range. It is concluded that the
contact hyperfine interaction accounts for all of the
observed Knight shift, In the supercooled regions,
X and 8'~ are slightly smaller than the extrapolated
values above the melting point. This is interpreted
as an increa. se of local order tending toward the
solid state but not a p hase change. The ionic-dif-
fusion models adequately predict the temperature
dependence of

IVAN
in the supercooled region and

slightly above the melting point, but a.t high tem-
peratures these theories are inadequate.

In liquid GaSb, the hyperfi. ne structure anomaly
is measured from the Knight-shift data, for '~'Sb
and '2~Sb. It indicates a purely s- state contact in-
teraction within the experimental error of a 20%.
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The observed relaxation rate of Ga in GaSb is sepa-
rated into its magnetic and quadrupolar parts. It
is found that almost all of the relaxation is magnetic
in origin. The value of K(n) for Ga in GaSb is found
to be constant over the whole temperature range.

The observed relaxation rate of Sb in liquid GaSb
is separated into its magnetic and quadrupolar
parts. Near the melting point, lV„and 8' are found
to be comparable. It is found that the ionic diffu-
sion models by themselves predict the wrong tem-
perature dependence of 8'. In the case of GaSb,
there is evidence that alloying can significantly al-
ter the antishielding factors. A plausible model

is presented which is qualitatively consistent with
the experimental facts.
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